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We know that the Standard Model cannot explain the baryon asymmetry of the Universe
and problem of extra matter in galaxies, called “Dark Matter.” Therefore, there is New
Physics out there that we need to find. There are many other reasons why we believe
that the Standard Model is incomplete and there must be physics beyond. One is the
plethora of “fundamental parameters,” for example quark masses, mixing angles, etc... The
Standard Model cannot explain the smallness of the weak scale compared to the GUT or
Planck scales; this is often called “the hierarchy problem.” It is believed that the CKM
source of CP violation in the Standard Model is not large enough to explain the baryon
asymmetry of the Universe [1]; thus it is very possible that there are large yet unknown
CP violation sources that we will discover in b and/or c decays. Finally, gravity is not
incorporated. John Ellis said “My personal interest in CP violation is driven by the search
for physics beyond the Standard Model” [2]. (A more complete description of the basic
physics is given in Chapter 1 of our 2002 Proposal Update http://www-btev.fnal.gov/cgi-
bin/public/DocDB/ShowDocument?docid=316 .)

BTeV has many physics goals. The major branches include finding new physics or refining
our understanding of new physics found elsewhere, e.g. the LHC, using both CP violating
phases and rare b and c decays. It is also important to precisely measure Standard Model
parameters. Other physics goals include studies of QCD in weak decay processes probed
by measuring branching ratios, semileptonic form- factors, polarizations in vector-vector
decays and Dalitz plots in three-body decays, b and c quark production, structure of b states
including baryon decays and Bc decays. We fully expect that more than 100 Ph. D. theses
will be written on BTeV data.

��� The CKM Matrix and the CKM Angles

The gauge bosons, W±, γ and Zo couple to mixtures of the physical d, s and b states.
This mixing is described by the Cabibbo-Kobayashi-Maskawa (CKM) matrix [3]. In the
Wolfenstein approximation the matrix is written in order λ3 for the real part and λ4 for the
imaginary part as [4]

VCKM =

�
� 1� λ2/2 λ Aλ3(ρ� iη)(1� λ2/2)

�λ 1� λ2/2� iηA2λ4 Aλ2(1 + iηλ2)
Aλ3(1� ρ� iη) �Aλ2 1

�
A . (1.1)

The parameters λ, A, ρ and η, are fundamental constants of nature, just as basic as G,
Newton’s constant, or αEM . Two are determined from charged-current weak decays. The
measured values are λ = 0.2205 � 0.0018 and A=0.784�0.043. There are constraints on ρ
and η from other measurements. (Usually the matrix is viewed only up to order λ3. To
explain CP violation in the Ko system the term of order λ4 in Vcs is necessary.)

The unitarity of the CKM matrix allows us to construct six relationships. These may be
thought of as triangles in the complex plane shown in Fig. 1.1.
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Figure 1.1: The six CKM triangles. The bold labels, e.g. ds refer to the rows or columns
used in the unitarity relationship. The angles defined in equation (1.2) are also shown.

All six of these triangles can be constructed knowing four and only four independent
angles [5][6][7]. These are defined as:

β = arg

�
�VtbV

∗
td

VcbV
∗
cd

�
, γ = arg

�
�V

∗
ubVud

V ∗
cbVcd

�
, (1.2)

χ = arg

�
�V

∗
csVcb

V ∗
tsVtb

�
, χ′ = arg

�
�V

∗
udVus

V ∗
cdVcs

�
.

(1.3)

(α can be used instead of γ or β.) Two of the phases β and γ are probably large while χ is
estimated to be small �0.02, but measurable, and χ′ is likely to be much smaller.

The current situation was summarized by Stone [9] (see Fig. 1.2). Here the value sin(2β)
is compared on the ρ � η plane with a fit to measurements of jVubj and jVcbj, εK , from CP
violation in KL decay, Bd mixing and an upper limit on the ratio of Bs to Bd mixing. In all
measurements but sin(2β), the theoretical errors in deriving constraints on ρ and η from the
measurements are dominant.

In performing the fit, the theory parameters are allowed to have equal probability within
a restricted but arbitrary range [10]. Therefore, there is a large model dependence for
parameter space restricted by measurements of (εK), jVub/Vcbj and ∆md, with a smaller but
significant model dependence for ∆ms/∆md. The data are surely consistent although the
4-fold ambiguity in β, due to the fact that we measure sin(2β), does allow for a rather large
surprise.

��� Testing for and De�ning New Physics

����� Generic Tests

We can look for New Physics either in the context of specific models or more generically,
for deviations from the Standard Model expectation independent of specific non-standard
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Figure 1.2: Fits in the ρ� η plane using data from CP violation in Ko decay (εK), jVub/Vcbj
and the ratio of Bs mixing (∆ms) to Bd mixing (∆md) compared with the measurement of
sin(2β) from the Babar and Belle collaborations. The angles α, γ and one possibility for β
are also indicated. (ρ = ρ(1� λ2/2, with a similar definition for η.) From Stone [9].

models. This can be done for both CP violating decays and rare decays. Let us start with
generic tests using CP violation.

1.2.1.1 A Critical Check Using χ

It has been pointed out by Silva and Wolfenstein [5] that measuring only angles may not
be sufficient to detect new physics. For example, suppose there is new physics that arises in
Bo�Bo

mixing. Let us assign a phase θ to this new physics. If we then measure CP violation
in Bo � J/ψKs and Bo � ρπ, then we actually measure 2β ′ = 2β + θ and 2α′ = 2α� θ. So
while there is new physics, we miss it, because 2β ′ + 2α′ = 2α+ 2β and α′ + β ′ + γ = 180◦.

Measurements of the magnitudes of CKM matrix elements, however, all come with the-
oretical errors. Some of these are hard to estimate. The best measured magnitude is that
of λ = jVus/Vudj = 0.2205 � 0.0018. Silva and Wolfenstein [5] [6] show that the Standard
Model can be checked in a profound manner by seeing if:

sinχ =

����Vus

Vud

����
2 sin β sin γ

sin(β + γ)
. (1.4)

Here the precision of the check will be limited initially by the measurement of sinχ, not of λ.
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(BTeV can measure χ using the reaction Bs � Jψη(′).) This check can reveal new physics,
even if other measurements have not shown any anomalies.

1.2.1.2 Finding Inconsistencies

Another interesting way of viewing the physics was given by Peskin [11], and illustrated in
Fig. 1.3. Non-Standard Model physics would show up as discrepancies among the values
of (ρ, η) derived from independent determinations using CKM magnitudes (jVub/Vcbj and
jVtd/Vtsj), or Bo

d mixing (β and α), or Bs mixing (χ and γ).
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Figure 1.3: One of the CKM triangles showing how it is possible to find the values of η and
ρ using three sets of independent measurements based on CP violating decays going via Bo

mixing (upper right), CP violating decays going via Bs mixing (lower right), or magnitudes
of CKM elements (upper left), with some estimate of the ultimate theoretical errors (lower
left). Adopted from Peskin [11].

1.2.1.3 Generic Tests for New Physics Using Rare Decays

The basic structure of “Rare b Decays,” is shown by the loop diagram shown in Fig. 1.4.
Here a photon, dilepton pair or gluon can be radiated off any charged particle leg. In the
case of the �+�− pair there can be an intermediate photon or Zo. New charged objects can
replace quarks and new gauge-like objects can replace the W−. Since calculations where the
gluon is radiated are more difficult, we will focus mainly on the electromagnetic decays. We
consider both inclusive decays such as b � sγ, b � dγ and b � s�+�− and their exclusive
counterpoints, B � K∗γ, B � ργ and B � K∗�+�−.

Greub, Ioannissian and Wyler [12] write: “.. the decay into B � K∗�+�− yields a wealth
of new information on the form of the new interactions since the Dalitz plot is sensitive to
subtle interference effects.”
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Figure 1.4: Quark level diagram for second order weak processes, often called “penguins” in
the literature.

����� New Physics Tests in Speci�c Models

1.2.2.1 Supersymmetry

Supersymmetry is a set of many models. The basic idea is that for every fundamental fermion
there is a companion boson and for every boson there is a companion fermion. There are
many different implementations of couplings in this framework [13]. In the most general case
we pick up 80 new amplitudes and 43 new phases. This is clearly too many to handle so we
can try to see things in terms of simpler implementations. In the minimum model (MSSM)
we have only two new fundamental phases. One, θD, would arise in Bo mixing and the other,
θA, would appear in Bo decay. A combination would generate CP violation in Do mixing,
call it φKπ when the Do � K−π+ [14]. Table 1.1 shows the CP asymmetry in three different
processes in the Standard Model and the MSSM.

Table 1.1: CP Violating Asymmetries in the Standard Model and the MSSM.

Process Standard Model New Physics
Bo � J/ψKs sin 2β sin 2(β + θD)
Bo � φKs sin 2β sin 2(β + θD + θA)
Do � K−π+ 0 � sinφKπ

Two direct effects of New Physics are clear here. First of all, the difference in CP
asymmetries between Bo � J/ψKs and Bo � φKs would show the phase φA. Secondly,
there would be finite CP violation in Do � K−π+ where none is expected in the Standard
Model.

Manifestations of specific SUSY models lead to different patterns. Table 1.2 shows the
expectations for some of these models in terms of these variables and the neutron electric
dipole moment dN ; see [14] for details. Note, that “Approximate CP” has already been ruled
out by the measurements of sin 2β.

Using the MSSM model, Hinchcliff and Kersting predict there will be significant contri-
butions to Bs mixing, and the CP asymmetry in the charged decay B∓ � φK∓ [15]. The
contribution to Bs mixing significantly enhances the CP violating asymmetry in modes such
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Table 1.2: Some SUSY Predictions.

Model dN � 10−25 θD θA sinφKπ

Standard Model � 10−6 0 0 0
Approx. Universality � 10−2 O(0.2) O(1) 0
Alignment � 10−3 O(0.2) O(1) O(1)
Heavy squarks � 10−1 O(1) O(1) O(10−2)
Approx. CP � 10−1 -β 0 O(10−3)

as Bs � J/ψη. (Recall the CP asymmetry in this mode is proportional to sin 2χ in the Stan-
dard Model.) The Standard Model diagram and MSSM diagrams are shown in Fig. 1.5. The
expected CP asymmetry in the MSSM is � sinφµ cosφA sin(∆mst), which is approximately
10 times the expected value in the Standard Model.
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Figure 1.5: The Standard Model (left) and MSSM (right) contributions to Bo
s mixing.

We observed that a difference between CP asymmetries in Bo � J/ψKs and φKs arises
in the MSSM due to a CP asymmetry in the decay phase. It is possible to observe this
directly by looking for a CP asymmetry in B∓ � φK∓. The Standard Model and MSSM
diagrams are shown in Fig. 1.6. Here the interference of the two diagrams provides the CP

asymmetry. The predicted asymmetry is equal to
�
MW/msquark

�2
sinφµ in the MSSM, where

msquark is the relevant squark mass [15].
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Figure 1.6: The Standard Model (left) and MSSM (right) contributions to B− � φK−.
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The φK and φK∗ final states have been observed, first by CLEO [16] and subsequently
by BABAR [17]. The average branching ratio is B(B− � φK−) = (6.8�1.3)�10−6 showing
that in principle large samples can be acquired especially at hadronic machines.

The polarization in the rare decay B � K∗�+�− is also a very effective way of sorting
out supersymmetric models. Fig. 1.7 shows the predicted forward-backward polarization as
a function of s, the dilepton invariant mass squared, from Ali et al., [18] for the Standard
Model and a collection of supersymmetric models.

SM

Figure 1.7: The normalized forward-backward asymmetry in B � K∗µ+µ− decay as a
function of s, the dilepton invariant mass squared using the form factors from the LCSR
approach. The solid line denotes the SM prediction. The dotted (long-short dashed) lines
correspond to the SUGRA (the MIA-SUSY) model for different The dashed curves indi-
cating a positive asymmetry for large s correspond to the MIA-SUSY models for the ”best
depression scenario.” (From ref. [18]).

In a different work, Ali et al. tell us: “Precise measurements of the dilepton invariant
mass distributions in the decays B � (s,K∗)�+�− will greatly help in discriminating among
the Standard Model and various supersymmetric theories” [19].

1.2.2.2 Extra Dimensions

Papers predicting changes in B decay phenomena when the world has extra physical dimen-
sions are listed in ref. [20]. Another paper by Aranda et al. relates quark and neutrino
mixing in extra dimensions [21].

Buras et al. [22] have considered a model of one universal extra dimension compactified
at a scale of 1/R > 250 GeV, based on the work of Appelquist, Cheng and Dobrescu
(ACD) [23]. The contributions from the Kaluza-Klein modes produce no effect on the major
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components now used to determine ρ and η, namely, jVub/Vcbj, ∆ms/∆md and sin(2β).
However, there are significant effects on the value of Vtd, the size of γ and branching ratio
for Bo � µ+µ− as shown in Fig. 1.8
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Figure 1.8: The effect on measured quantities of one extra dimension (ACD) compared with
the Standard Model (SM) as a function of the compactification scale R.

More precise measurements are required to differentiate between the Standard Model and
this model as 1/R increases.

1.2.2.3 SO(10)

A strong connection is made between neutrino mixing and CP violation in the quark sector
in a paper by Chang, Masiero and Murayama [24]. In this model the large mixing between
νµ and ντ (from atmospheric neutrino oscillations) can lead to large mixing between bR and
sR. This does not violate any known measurements and leads to large CP violation in Bs

mixing, deviations from sin(2β) in the reaction Bo � φKs and changes in the phase γ.

1.2.2.4 Other New Physics Models

There are many other specific models that predict New Physics in b decays. we list here
a few of these with a woefully incomplete list of references, to give a flavor of what these
models predict.

	 Two Higgs and Multi-Higgs Doublet Models- They predict large effects in εK and CP
violation in Do � K−π+ with only a few percent effect in Bo [14]. Expect to see 1-10%
CP violating effects in b� sγ [25].

	 Left-Right Symmetric Model- Contributions compete with or even dominate over Stan-
dard Model contributions to Bd and Bs mxing. This means that CP asymmetries into
CP eigenstates could be substantially different from the Standard Model prediction
[14].

8



	 Extra Down Singlet Quarks- Dramatic deviations from Standard Model predictions for
CP asymmetries in b decays are not unlikely [14].

	 FCNC Couplings of the Z boson- Both the sign and magnitude of the decay leptons in
B � K∗�+�− carry sensitive information on new physics. Potential effects are on the
of 10% compared to an entirely negligable Standard Model asymmetry of � 10−3 [26].

	 Noncommutative Geometry- If the geometry of space time is noncommutative, i.e.
[xµ, xν ] = iθµν , then CP violating effects may be manifest at low energy. For a scale
<2 TeV there are comparable effects to the Standard Model [27].

	 MSSM without new flavor structure- Can lead to CP violation in b � sγ of up to 5%
[28]. Ali and London propose [29] that the Standard Model formulas are modified by
Supersymmetry as

∆md = ∆md(SM)
h
1 + f

	
mχ±

2
,mt̃R ,mH± , tanβ


i
(1.5)

∆ms = ∆ms(SM)
h
1 + f

	
mχ±

2
,mt̃R ,mH± , tanβ


i
(1.6)

jεK j =
G2

Ff
2
KMKM

2
W

6
p

2π2∆MK

BK(A2λ6η)
h
yc (ηctf3(yc, yt)� ηcc)

+ηttytfs(yt)
h
1 + f

	
mχ±

2
,mt̃R ,mH± , tanβ


i
A2λ4(1� ρ)

i
, (1.7)

where ∆m(SM) refers to the Standard Model formula and the expression for jεK j
would be the Standard Model expression if f were set equal to zero. Ali and London
show that it is reasonable to expect that 0.8 > f > 0.2 . Since the CP violating angles
will not change from the Standard Model, determining the value of (ρ, η) using the
magnitudes ∆ms/∆md and jεK j will show an inconsistency with values obtained using
other magnitudes and angles.

����� Required Measurements Involving �

Besides a more precise measurement of sin 2β we need to resolve the four ambiguities. There
are two suggestions on how this may be accomplished. Kayser [30] shows that time dependent
measurements of the final state J/ψKo, where Ko � π�ν, give a direct measurement of
cos(2β) and can also be used for CPT tests. Another suggestion is to use the final state
J/ψK∗o, K∗o � KSπ

o, and to compare with Bs � J/ψφ to extract the sign of the strong
interaction phase shift assuming SU(3) symmetry, and thus determine cos(2β) [31].

����� Required Measurements Involving �

It is well known that sin(2β) can be measured without problems caused by Penguin processes
using the reaction Bo � J/ψKs. The simplest reaction that can be used to measure sin(2α)
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(right) Via a Penguin process.

is Bo � π+π−. This reaction can proceed via both the Tree and Penguin diagrams shown
in Fig. 1.9.

Current measurements show a large Penguin component. The ratio of Penguin amplitude
to Tree amplitude in the π+π− channel is about 40% in magnitude. Thus the effect of the
Penguin must be determined in order to extract α. The only model independent way of doing
this was suggested by Gronau and London, but requires the measurement of B∓ � π∓πo

and Bo � πoπo, the latter being rather daunting.
There is, however, a theoretically clean method to determine α. The interference between

Tree and Penguin diagrams can be exploited by measuring the time dependent CP violating
effects in the decays Bo � ρπ � π+π−πo as shown by Snyder and Quinn [32].

The ρπ final state has many advantages. These final states were first seen by CLEO with
large rates relative to ππ. Table 1.3 lists the current measurements.

Table 1.3: Measurements of B � ρπ Branching Ratios (�10−6) or upper limits at 90%
confidence level.

Reaction CLEO [33] BABAR [34][35] BELLE [36] Average
B− � ρoπ− 10.4+3.3

−3.4 � 2.1 9.5� 1.1� 0.8 8.0+2.3+0.7
−2.0−0.7 9.5�1.3

Bo � ρ±π∓ 22.6+8.4
−7.4 � 4.2 22.6� 1.8� 2.2 29.1+5.0

−4.9 � 4.0 23.6�2.5
Bo � ρoπo <5.5 < 2.9 6.0+2.9

−2.3 � 1.2 -

These measurements are consistent with some theoretical expectations [37]. Further-
more, the associated vector-pseudoscalar Penguin decay modes have conquerable or smaller
branching ratios. Secondly, since the ρ is spin-1, the π spin-0 and the initial B also spinless,
the ρ is fully polarized in the (1,0) configuration, so it decays as cos2 θ, where θ is the angle
of one of the ρ decay products with the other π in the ρ rest frame. This causes the periphery
of the Dalitz plot to be heavily populated, especially the corners. A sample Dalitz plot is
shown in Fig. 1.10. This kind of distribution is good for maximizing the interferences, which
helps minimize the error. Furthermore, little information is lost by excluding the Dalitz plot
interior, a good way to reduce backgrounds.

To estimate the required number of events Snyder and Quinn preformed an idealized
analysis that showed that a background-free, flavor-tagged sample of 1000 to 2000 events
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Figure 1.10: The Dalitz plot for Bo � ρπ � π+π−πo from Snyder and Quinn.

was sufficient. The 1000 event sample usually yields good results for α, but sometimes does
not resolve the ambiguity. With the 2000 event sample, however, they always succeeded.

This technique not only finds sin(2α), it also determines cos(2α), thereby removing two
of the remaining ambiguities. The final ambiguity can be removed using the CP asymmetry
in Bo � π+π− and a theoretical assumption [38].

����� Required Measurements Involving �

It may be easier to measure γ than α in a model independent manner. There have been two
methods suggested.

(1) Time dependent flavor tagged analysis of Bs � D±
s K

∓. This is a direct model
independent measurement [39]. Here the Cabibbo suppressed Vub decay interferes with a
somewhat less suppressed Vcb decay via Bs mixing as illustrated in Fig. 1.11 (left). Even
though we are not dealing with CP eigenstates here there are no hadronic uncertainties,
though there are ambiguities. Since this proceeds via Bs mixing the exact CP violating
angle measured is γ � 2χ.

(2) Measure the rate differences between B− � D
o
K− and B+ � DoK+ in two different

Do decay modes such as K−π+ and K+K−. This method makes use of the interference
between the tree and doubly-Cabibbo suppressed decays of the Do, and does not depend on
any theoretical modeling [40][41]. See Fig. 1.11 (right).

Several model dependent methods using the light two-body pseudoscalar decay rates have
been suggested for measuring γ. The basic idea in all these methods can be summarized
as follows: Bo � π+π− has the weak decay phase γ. In order to reproduce the observed
suppression of the decay rate for π+π− relative to K±π∓ we require a large negative inter-
ference between the Tree and Penguin amplitudes. This puts γ in the range of 90◦. There is
a great deal of theoretical work required to understand rescattering, form-factors etc... We
are left with several ways of obtaining model dependent limits, due to Fleischer and Mannel
[42], Neubert and Rosner [43], Fleischer and Buras [44], and Beneke et al. [45]. The latter
make a sophisiticated model of QCD factorization and apply corrections. These ideas may
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Figure 1.11: (left) The two diagram diagrams for Bs � D±
s K

∓ that interfere via Bs mixing.
(right) The two interfering decay diagrams for B− � D

o
K− where one is a b� u transition

and the other a doubly-Cabibbo suppressed decay.

be very useful for resolving ambiguities, but the amount of model dependence will remain a
concern.

Another method for determining γ proposed by Fleischer [46] uses the assumption of
U-spin symmetry (d 
� s) and requires the measurement of both Bo � π+π− and Bs �
K+K− CP asymmetries. Again the model dependence here is a concern, but it may be quite
useful for ambiguity resolution.

����� Required Measurements Involving �

The angle χ, defined in equation 1.2, can be extracted by measuring the time dependent
CP violating asymmetry in the reaction Bs � J/ψη(′), or if one’s detector is incapable of
quality photon detection, the J/ψφ final state can be used. However, in this case there are
two vector particles in the final state, making this a state of mixed CP, requiring a time-
dependent angular analysis to extract χ, that requires large statistics. Fig. 1.12 shows the
decay diagram.

b

W-

c 

}

ψ

 ηs

}
s

s

c  J

Figure 1.12: The decay diagram for Bs � J/ψη. The final state is a CP eigenstate.

Once χ, β and α or γ are precisely measured, then all the magnitudes of the CKM
elements can be determined. The only model dependent theoretical error arises from the
determination of λ, of the order of 1% [6].
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����	 Conclusions on Importance of b and c Decays

It is clear that precision studies of CP violating Bs, B
o and Do decays, and rare decays, can

bring a wealth of information to bear on new physics, that probably will be crucial in sorting
out anything seen at the LHC. A picture of the effects on b physics by Hiller is illustrative
and shown in Fig. 1.13 [47].
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Figure 1.13: Effects on rare or CP violating B decays from different models of Electroweak
symmetry breaking. (From Hiller [47].)

The connections of our physics studies with other experiments in the LHC era sketched
in Fig. 1.14. Our studies of CP violation and rare decays will play a central role in sorting
out new physics and providing clues to the flavor puzzle along with neutrino physics.

We close this section with a quote from Masiero and Vives [48]: “The relevance of SUSY
searches in rare processes is not confined to the usually quoted possibility that indirect
searches can arrive ‘first’ in signaling the presence of SUSY. Even after the possible direct
observation of SUSY particles, the importance of FCNC and CP violation in testing SUSY
remains of utmost relevance. They are and will be complementary to the Tevatron and LHC
establishing low energy supersymmetry as the response to the electroweak breaking puzzle.”

We agree, except that we would replace “SUSY” with “New Physics.”

��� BTeV�s Physics Reach

We will now show that BTeV is well equipped to address all of the issues discussed above.
BTeV can also investigate many other physics topics that we have not mentioned that may
turn out to be of great import in the future, for example CPT violation [49].

The results quoted here are based on the tools described and studies reported in Part
III, “Physics Simulations” of the May, 2000 BTeV proposal [50]. These studies were rigorous
and extensive. In most case GEANT3 was used, where both signal events and background
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Figure 1.14: Links between studies of CP violation in b and c decays with searches for new
phenomena at the LHC and experiments in the neutrino sector.)

samples � 107 events were generated and reconstructed. These simulation results reflect
those presented in our 2002 Proposal Update, for the most part, although there have been
some additions and corrections due to further analysis.

����� Summary of Flavor Tagging

A detailed study of flavor tagging is given in the 2002 Proposal Update in section 2.10 (page
20 of Chapter 2). There we showed that we can achieve an effective flavor tagging efficiency,
characterized as the product of the efficiency ε and the dilution D as εD2 of 10% for Bo

decays. This study also shows that, as expected, Bs decays have higher tagging efficiency
because of the charged kaon produced to conserve flavor in the b quark fragmentation to a
Bs. This “same side” tagging is quite favorable and, as a result, we achieve 13% for εD2 in
Bs decays.

����� Sensitivities to CP Violating Angles

BTeV will have outstanding performance in determining CP violating asymmetries. The
results of our simulations are summarized in Table 1.4 for a luminosity of 2� 1032 cm−2s−1

and 107 seconds of running time. Descriptions of the analysis techniques used to obtain the
signal and background yields are given in the BTeV Proposal.

All of the measurements listed here to determine χ, α, β, γ and xs, except for the
determination of γ using the B � Kπ modes, are completely free of hadronic uncertainties
or errors due to theoretical models. Ultimately, at the level of errors below 1◦ for α, β and γ
(and a much lower number for χ), the effects of other diagrams or higher order terms in the
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Table 1.4: Yearly sensitivities to CP violating angles and related quantities. (Reactions
between lines are used together.)

Reaction B � 10−6 # of Events S/B Parameter Error (Value)
Bs � D+

s K
− 300 7,500 7 γ � 2χ 8◦

Bs � D+
s π

− 3000 59,000 3 xs (75)
Bo � J/ψKs 445 168,000 10 sin(2β) 0.017
Bo � J/ψKo

Ko � π±�∓ν 7 250 2.3 cos(2β) �0.5
Bo � π+π− 4.5 14,600 3 Asymmetry 0.030
Bs � K+K− 17 18,900 6.6 Asymmetry† 0.020

B− � D
o
(K+π−)K− 0.17 170 1

B− � D
o
(K+K−)K− 1.1 1000 >10 γ 13◦

B− � Ksπ
− 12.1 4,600 1 < 4◦ +

Bo � K+π− 18.8 62,100 20 γ theory errors
Bo � ρ+π− 28 5,400 4.1
Bo � ρoπo 5 780 0.3 α � 4◦

Bs � J/ψη 330 2,800 15
Bs � J/ψη′ 670 9,800 30 sin(2χ) 0.024

y Can be used for a model dependent estimate of γ, see ref. [46].

Wolfenstein approximation need to be considered. We are now far from this level of concern.
There are other ways to determine some of these angles that we have not discussed.

Omission from this table, does not necessarily imply that we cannot use a particular tech-
nique, but merely that we have not yet simulated or completely considered the implications
of that method. For example, measuring the CP asymmetry in the decay Bo � D∗+π−

has been shown to be a model independent way of measuring (�2β � γ) [51]. On the other
hand, the physical asymmetry is expected to be below 1%, making systematic errors in the
efficiencies of detecting positive versus negative tracks, particularly the pion from the D∗+

decay, a key issue. We simply have not yet evaluated this tantalizing approach.
We briefly discuss some of these measurements:

	 We use the method proposed by Snyder and Quinn to determine α using Bo � ρπ �
π+π−πo [52]. Both the signal efficiencies and the background levels were determined
by a full GEANT simulation. We give details on our study that estimated the error
in α below. Quinn and Silva have proposed using non-flavor-tagged rates as input to
improve the accuracy of the α determination [53]. We have not yet incorporated this
idea.

	 Although the B � Kπ modes provide the smallest experimental error in determining γ,
there are model dependent errors associated with this method. On the other hand, two
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other methods, which use Bs � D±
s K

∓ and B− � D
o
K−, provide model independent

results and can be averaged. The interplay of the three methods can be used to resolve
ambiguities.

	 The error in sin(2χ) averaged over both J/ψη and J/ψη′ decay modes of the Bs is
�0.024. This translates to an error in the angle χ of 0.7◦. Since χ is expected to be
� 2◦, a precision measurement will take a few years if it is in the Standard Model
range. Including Bs � J/ψφ can help reduce the time.

	 The asymmetry in Bo � π+π− may be useful to gain insight into the value of α
with theoretical input or combined with Bs � K+K− and theory to obtain γ. This
study was done both with MCFast and GEANT. The signal efficiency is 10% higher
in MCFast and the background levels the same in both, within statistics.

	 The sign of cos(2β) can be determined in a few years without any theoretical assump-
tions using Bo � J/ψKo, with Ko � π±�∓ν, allowing the removal of two of the
ambiguities in β. This reaction can also be used for CPT tests.

����� Sensitivity in Determining � Using Bo
� ��

1.3.3.1 Event Selection, Event Yields and Backgrounds

Here we give a detailed explanation of how the error in α was evaluated as an example of
our analysis procedures as documented in the BTeV Proposal and the Proposal Update [55].
To measure α using Bo � ρπ requires the measurement of the tagged, time-dependent CP
asymmetry in a particular combination of amplitudes obtained from a Dalitz plot analysis of
the decay. The combination of amplitudes causes the Penguin terms to cancel and isolates
the tree contribution to the decay, which provides the value of α. We have performed a Dalitz
plot analysis that includes detector resolution and background along with the expected levels
of detected signal events.

The reconstruction efficiencies for B � ρπ and backgrounds were studied using a full
GEANT simulation, for ρ±π∓ and ρoπo, separately. All signal and background samples were
generated with a mean of two interactions per crossing. relatively easy to generate, it is
difficult to generate adequate samples of background events. For channels with branching
ratio’s of the order of 10−5, it is necessary to generate � 107 events.

We look for events containing a secondary vertex formed by two oppositely charged
tracks. One of the most important selection requirements for discriminating the signal from
the background is that the events have well measured primary and secondary vertices. We
demand that both the primary and the secondary have vertex fits with χ2/dof < 2. We
also make a cut on the the distance between the primary and the secondary vertices, divided
by the error, L/σL > 4. The two vertices must also be separated from each other in the
plane transverse to the beam. We define rtransverse in terms of the primary interaction vertex
position (xP , yP , zP ) and the secondary decay vertex position (xS , yS, zS) as rtransverse =p

(xP � xS)2 + (yP � yS)2 and cut out events where the secondary vertex is close to the
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reconstructed primary. Furthermore, to insure that the charged tracks do not originate from
the primary, we require that both the π+ and the π− candidate have an impact parameter
with respect to the primary vertex (DCA) > 100 µm.

Events passing these selection criteria are searched for good πo candidates. We select
“bumps” in the calorimeter using cluster finder code that does the full pattern recognition.
Photon candidates are required to have a minimum bump energy of 1 GeV and pass the
shower “shape” cut which requires E9/E25 > 0.85, this selection is almost fully efficient
on real electromagnetic showers and rejects backgrounds from hadronic interactions. We
further reduce the background by ensuring that the photon candidates are not too close to
the projection of any charged tracks on the calorimeter. For ρ±π∓, the minimum distance
requirement is > 2 cm, while for ρoπo, we require the minimum distance > 5.4 cm. Candidate
πo’s are two-photon combinations with invariant mass between 125 and 145 MeV/c2. More
details of πo selection are given in the description of the analysis of the channel Bo � D∗−ρ+

in Section 16.3 of the 2002 Proposal.
Kinematic cuts greatly reduce the background to B � ρπ while maintaining the signal

efficiency. Minimum energy and transverse momentum (pt) requirements are placed on each
of the three pions. Here pt is defined with respect to the B direction which is defined by the
position of the primary and secondary vertices. We demand that the momentum vector of
the reconstructed B candidate point back to the primary vertex. The cut is implemented by
requiring pt balance among the π+ plus π−, and πo candidates relative to the B-direction and
then divided by the sum of the pt values for all three particles (∆pt/Σpt). We also make a cut
on the B decay time requiring that the B candidate live no more than 5.5 proper lifetimes
(tproper/t0 < 5.5). The selection criteria for the two modes are summarized in Table 1.5.

For this study, we generated and analyzed three large samples of events using BTeVGeant:
250,000 B � ρ0π0 events, 250,000 B � ρ+π− events, and 9,900,000 generic bb̄ background
events. Background from minimum bias events has been shown to be negligible. The results
of the analysis after applying the cuts in Table 1.5 are presented in Fig. 1.15 (for ρoπo) and
Fig 1.16 (for ρ+π−). The background mass spectra are on the left side of the figures, and
the signal events are on the right side.

The mass resolution for the B is � 28 MeV/c2. The mean πo mass value in the B � ρπ
events is 135 MeV/c2 with a resolution of about 3 MeV/c2. The relevant yields for ρπ are
shown in Table 1.6. The reconstruction efficiency is (0.18�0.01)% for ρ0π0 and (0.22�0.01)%
for ρ+π−. The background was obtained by considering the mass interval between 5 and 7
GeV/c2. The signal interval is taken as �2σ around the B mass or 112 MeV/c2.

The final numbers of both signal and background events are reduced by including the
Level 1 and Level 2 trigger efficiency, but the S/B ratio is not significantly changed. From
this study we find that we can expect to reconstruct 5,400 ρ±π∓ events and 776 ρoπo events
per year.

We can, therefore, expect to collect a sample of 540 flavor tagged ρ±π∓ events and �78
ρoπo per year with signal-to-background levels of approximately 4:1 and 1:3, respectively.
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Table 1.5: Selection Criteria

Criteria ρ±π∓ ρ0π0

Primary vertex criteria χ2 < 2 χ2 < 2
Secondary vertex criteria χ2 < 2 χ2 < 2
rtransverse (cm) 0.0146 0.0132
Normalized distance L/σ > 4 > 4
Distance L, cm < 5 < 5
DCA of track, µm > 100 > 100
tproper/t0 < 5.5 < 5.5
Eπ+ , GeV > 4 > 4
Eπ−, GeV > 4 > 4
pt(π

+), GeV/c > 0.4 > 0.4
pt(π

−), GeV/c > 0.4 > 0.4
Isolation for γ, cm > 2.0 > 5.4
Eπ0 , GeV > 5 > 9
pt(π

0), GeV/c > 0.75 > 0.9
∆pt/Σpt < 0.06 < 0.066
mπ0 , MeV/c2 125� 145 125� 145
mρ, GeV/c2 0.55� 1.1 0.55� 1.1

Table 1.6: B � ρπ Yields

Quantity ρ±π∓ ρoπo

Branching ratio 2.8�10−5 0.5�10−5

Efficiency 0.0022 0.0018
Trigger efficiency (Level 1) 0.7 0.7
Trigger efficiency (Level 2) 0.9 0.9
S/B 4.1 0.3
Signal/107 s 5,400 776
εD2 0.10 0.10
Flavor tagged yield 540 78
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Figure 1.15: Invariant π+π−πo mass distributions for background (left) and signal (right)
events for B � ρoπo.
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Figure 1.16: Invariant π+π−πo mass distributions for background (left) and signal (right)
events for B � ρ+π−.

19



1.3.3.2 Estimation of the Error on α

The decay amplitude may be written as

j B0i = f+a+− + f−a−+ + f0a00,

where ai,j refers to the three distinct final states as

ai,j = a(B0 � ρiπj), (i, j) = (+,�), (�,+), (0, 0),

and fk parameterizes the ρ decay amplitude. We use

fk(s) =
cos θk

s�m2
ρ + i

Q
(s)

,

where θk is the angle between the direction of the B and the direction of a daughter pion,
both viewed in the ρ rest frame, and s is the square of the dipion invariant mass s =
(Eπ1

+ Eπ2
)2 � (��p π1

+ ��p π2
)2; s can be in one of three charge states, s+, s− or so. In each

case Y
(s) =

m2
ρp
s

	 p(s)

p(m2
ρ)


3

Γρ(m
2
ρ),

p being the momentum in the ρ rest frame.
The amplitudes ai,j for Bo and Bo decay are written as a sum of Tree (T ) and Penguin

(P ) parts as
a+− = �eiγT+− + e−iβP+−

a−+ = �eiγT−+ + e−iβP−+

a00 = �eiγT 00 + e−iβP 00

ā+− = �e−iγT−+ + eiβP−+

ā−+ = �e−iγT+− + eiβP+−

ā00 = �e−iγT 00 + eiβP 00,

where γ and β are the usual CKM angles and α+β+γ = π. Using both isospin symmetry and
the fact that the Penguin amplitude is a pure ∆I = 1/2 transition leads to the replacement

P 00 = �1

2
(P+− + P−+).

This leaves us with 9 parameters to be fit to the data including α, 3 complex Tree and 2
Penguin amplitudes, where one is defined as purely real and the total rate is used as an
independent input. We can also allow the resonant and non-resonant background fractions
to be determined by the fit, which adds two additional parameters.

For this study we used a data sample corresponding to 1.4 years of running (1.4 �
107s) with the one-arm version of BTeV. The background level is determined by a full
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GEANT simulation of 9,900,000 generic bb events; it is assumed that this background has
an exponential time dependence given by the average lifetime of b-flavored hadrons. The
background is parameterized with both resonant and non-resonant components. The non-
resonant background is distributed uniformly over the Dalitz plot. The resonant background
allows for two of the pions to have a Breit-Wigner shaped low mass enhancement. All
charged tracks and photons in both signal and background events are smeared by the detector
resolution before further analysis. Signal events are generated with an exponential time
distribution modified by Bo mixing. The simulation is repeated for different assumptions
about the relative size of Penguin and Tree amplitudes and the fraction of resonant and
non-resonant background. For each set of data a maximum likelihood fit is performed where
the likelihood is given by

�2 lnL = �2

NBoX
i=1

ln

�	 j A(s+
i , s

−
i , ti;α, ..) j2

N (α, ..)
� ε(s+

i , s
−
i )+

Rnon �
1

Nt
+Rres �

j BW(s+
i , s

−
i ) j2

NBW
� ε(s+

i , s
−
i )


/(1 +Rnon +Rres)

�

�2

N
B

oX
j=1

ln

�	 j Ā(s+
j , s

−
j , tj ;α, ..) j2

N (α, ..)
� ε(s+

i , s
−
i )+

Rnon �
1

Nt
+Rres �

j BW(s+
j , s

−
j ) j2

NBW
� ε(s+

j , s
−
j )


/(1 +Rnon +Rres)

�
,

where NBo and NB
o are the total number of Bo and B

o
events, respectively, and N is the

normalization. It is given by (j A j2 + j Ā j2)� ε, integrated over the Dalitz plot acceptance,
where ε is the detector efficiency. Rnon and Rres are the ratios of non-resonant and resonant
background to signal. For one case we show in Fig. 1.17 the χ2 contours for α and correlations
with the fractions of resonant and non-resonant backgrounds. The input value for α in this
case was 77.3◦. The fit has no trouble picking out the correct solution.

Table 1.7 shows the results of an ensemble of fits with different assumptions on the
fractions of resonant and non-resonant background, and different values of α. The one
parameter fit assumes that the non-resonant and resonant background levels are determined
from non-flavor tagged data, while in the three parameter fit, these are determined along
with α.

These studies show that over a broad range of background models, α is determined with
a sensitivity between 1.4◦-4.3◦ in 1.4�107s of running time. The sensitivity will also depend
on several unknown quantities including the branching ratio for ρoπo, and the ratio of Tree to
Penguin amplitudes, though this ratio has been inferred from the branching rates measured
for two-body vector-pseudoscalar final states, and reasonable variations have already been
included in these sensitivity estimates.
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(a) (b)

(c) (d)

Figure 1.17: Results of a simulation using 1000 Bo � ρπ detected signal events with an
input value of α = 77.3◦. (a) The χ2 contours as a function of α. (b) same as (a) with
the vertical scale enlarged. (c) The correlation of the best fit for α and Rnon and (d) The
correlation of the best fit for α and Rres.

����� Sensitivity to Bs Mixing

BTeV can definitively reach xs values of 75 in 2� 107 seconds of running. Put another way,
it will take us only 10 days of steady running to reach xs of 20. These estimates are based
on the decay mode Bs � D+

s π
−, with D+

s � φπ+ and K∗oK+. “Definitively” is used here to
express the ability to make a measurement where the best solution for a fit to the oscillation
frequency is better by “5 standard deviations” than the next best fit. Thus BTeV can cover
the entire range of xs values allowed in the Standard Model.

����� Sensitivities in New Physics Modes

Precision studies of b decays can bring a wealth of information to bear on new physics, that
probably will be crucial in sorting out anything seen at the LHC. While there are many tests
for New Physics that we can make, we will concentrate on a few representative decay modes.

1.3.5.1 Reach in Rare Decays

BTeV has excellent reach in rare decays. We have investigated the exclusive decays
Bo � K∗oµ+µ−, B+ � K+µ+µ− and the inclusive decay B � Xsµ

+µ−.
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Table 1.7: Results of Determining α with 1000 Bo � ρπ Events.

α Background,% hαi hσαi hαi hσαi
MC Resonant. Nonres. 1 parameter 3 parameters

77.3 0 0 77.4 1.3 77.3 1.4
10 10 77.4 1.4 77.3 1.5
20 20 77.2 1.5 77.2 1.6
40 0 77.4 1.6 77.2 1.8
0 40 77.6 1.4 77.1 1.6

93.0 0 0 92.7 1.4 92.8 1.5
10 10 93.3 1.6 93.4 1.8
20 20 93.1 1.7 93.3 1.9
40 0 92.7 1.8 93.2 2.1
0 40 92.5 1.6 93.3 1.9

111.0 0 0 111.0 1.9 111.7 2.3
10 10 110.7 2.3 110.6 3.6
20 20 110.9 2.7 111.7 3.9
40 0 111.2 2.8 110.4 4.3
0 40 110.2 2.1 111.1 4.0

We acquire 2530 K∗oµ+µ− decays in 107 seconds, with a signal/background of 11. This
sample is enough to measure the lepton-forward-backward asymmetry and test the Standard
Model. (We expect a similar number of K∗oe+e− events, but since we have not simulated
these, we have not added them into our sample.) The Dalitz plot and forward-backward
polarization are sensitive tests of New Physics. How sensitive they are depends on how
much the New Physics differs from Standard Model expectations. In Fig. 1.18 we show the
simulated data using the Standard Model expectation for the forward-backward asymmetry,
assuming two years of dating taking using only K∗oµ+µ− or one year if K∗oe+e− are added
in with the same acceptance. A fit to the data determines the location of the zero with a
precision of 4%. This can be compared with the zero locations given in non-SM models as
shown in Fig. 1.7 (unfortunately plotted here in terms of s, rather than

p
s).

Although the asymmetry is expected to be small in K+µ+µ−, we also test the Stan-
dard Model expectation, due to our large sample of �1300 events per year with a sig-
nal/background of 3.

We also expect to be able to measure the inclusive rate b� sµ+µ− with 20σ significance.
This inclusive rate is very important. It could either show non-Standard Model physics or
greatly constrain alternative models.

Other modes useful, for example, to test for Extra Dimensions are Bs � µ+µ− and
Bd � µ+µ−, where we expect totals of six and one event, respectively in 107 seconds, with
signal/background above 10.
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Figure 1.18: The normalized forward-backward asymmetry in B � K∗µ+µ− decay as a
function of

p
s, the dilepton invariant mass. From ref. [56]

1.3.5.2 Reach in CP Violating Modes

The measurements described above of the CP violating angles and xs already provide generic
tests of New Physics. A large value of the angle χ, above �4◦, would already provide prima
facie evidence of New Physics.

Many other CP violating decay modes are also useful in detecting New Physics. In
Table 1.8 we present our yields and the sensitivity in a few of these modes.

Table 1.8: BTeV Sensitivities in CP Violating Modes Pointed Toward New Physics for 107

seconds

Mode B � 10−6 Yield S/B parameter error
B− � φK− 6.9 11000 >10 CP asymmetry 0.01
Bo � φKs 3.45 2000 5.2 sin(2β) 0.11
D∗+ � π+Do; Do � K−π+ 2.6�104 � 108 large CP asymmetry very small y
y Systematic error limited

The combination of measurements of all of these modes, the previous ones listed in
Table 1.4 and many others than we can study with high statistics, will allow for a critical
examination of any new physics found at the LHC.
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��� Physics Reach of the Stage I Detector and Compar�

isons with LHCb

����� Introduction

The stage I detector has less physics reach than the full detector, yet there is plenty of
physics it can do. In this section we will establish that it is fully competitive with LHCb,
and that we will go well beyond LHCb when stage II is installed.

First of all let us take into account the reductions to our sensitivities due to the incomplete
detector.

	 Not having 50% of the PbWO4 crystals reduces our data rate for final states with πo’s
or η’s by about 50%.

	 Not having 75% of the phototubes for the liquid radiator effectively renders this part
of the RICH system inoperative causing a reduction of the flavor tagging efficiency by
about 25%.

	 Not having one muon tracking station and the dimuon trigger has almost no effect
on our sensitivities because the dimuon trigger is used as a systematic check on the
detached vertex trigger that is very important in the long run but not at the beginning
of the experiment; muon identification is still excellent with just two stations as the
third station is mainly for the trigger.

	 Not having 50% of the trigger and DAQ capability mainly reduces our capacity to
record direct charm events.

	 Not having two of the seven tracking stations causes more ghost tracks and a slightly
worsened momentum resolution.

Next, there is a further small reduction due to the change from the Tevatron staying at
396 ns bunch spacing rather than going to 132 ns, that increases the effective number of
interactions per bunch by a factor of three. These effects are documented in the appendix
to the TDR [75] and are taken here as an overall 10% reduction in effective rates.

The physics reach of the Stage I detector for an integrated luminosity of 2 fb−1 is shown
in Table 1.9.
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Table 1.9: Yearly sensitivities to CP violating angles and related quantities for the Stage I
detector. (L = 2� 1032cm−2s−1 for 107 s.) (Reactions between lines are used together.)

Reaction B � 10−6 # of Events S/B Parameter Error (Value)
Bs � D+

s K
− 300 6,750 7 γ � 2χ 9.4◦

Bs � D+
s π

− 3000 53,000 3 xs (72)
Bo � J/ψKs 445 151,000 10 sin(2β) 0.02
Bo � J/ψKo

Ko � π±�∓ν 7 225 2.3 cos(2β) �0.6
Bo � π+π− 4.5 13,100 3 Asymmetry 0.035
Bs � K+K− 17 17,000 6.6 Asymmetry† 0.024

B− � D
o
(K+π−)K− 0.17 150 1

B− � D
o
(K+K−)K− 1.1 900 >10 γ 13.6◦

B− � Ksπ
− 12.1 4,100 1 < 5◦ +

Bo � K+π− 18.8 55,900 20 γ theory errors
Bo � ρ+π− 28 2,430 4.1
Bo � ρoπo 5 350 0.3 α � 7◦

Bs � J/ψη 330 1,260 15
Bs � J/ψη′ 670 4,400 30 sin(2χ) 0.040

y Can be used for a model dependent estimate of γ, see ref. [46].
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